CONSPECTUS: Dynamic protein−DNA interactions constitute highly robust cellular machineries to fulfill cellular functions. A vast number of studies have focused on how DNA-binding proteins search for and interact with their target DNA segments and on what cellular cues can regulate protein binding, for which protein concentration is a most obvious one. In contrast, how protein unbinding could be regulated by protein concentration has evaded attention because protein unbinding from DNA is typically a unimolecular reaction and thus concentration independent. Recent single-molecule studies from multiple research groups have uncovered that protein concentration can facilitate the unbinding of DNA-bound proteins, revealing regulation of protein unbinding as another mechanistic paradigm for gene regulation. In this Account, we review these recent in vitro and in vivo single-molecule experiments that uncovered the concentration-facilitated protein unbinding by multiple types of DNA-binding proteins, including sequence-nonspecific DNA-binding proteins (e.g., nucleoid-associated proteins, NAP), sequence-specific DNA-binding proteins (e.g., metal-responsive transcription regulators CueR and ZntR), sequence-neutral single-stranded DNA-binding proteins (e.g., Replication protein A, RPA), and DNA polymerases. For the in vitro experiments, Marko's group investigated the exchange of GFP-tagged DNA-bound NAPs with nontagged NAPs in solution of increasing concentration using single-molecule magnetic-tweezers fluorescence microscopy. The faster fluorescence intensity decrease with higher nontagged NAP concentrations suggests that DNA-bound NAPs undergo faster exchange with higher free NAP concentrations. Chen's group used single-molecule fluorescence resonance energy transfer measurements to study the unbinding of CueR from its cognate oligomeric DNA. The average microscopic dwell times of DNA-bound states become shorter with increasing CueR concentrations in the surroundings, demonstrating that free CueR proteins can facilitate the unbinding of the incumbent one on DNA through either assisted dissociation or direct substitution. Greene's group studied the unbinding of RPAs from single-stranded DNA using total internal reflection fluorescence microscopy and DNA curtain techniques. The fluorescence intensity versus time traces show faster decay with higher wild-type RPA concentrations, indicating that DNA-bound RPAs can undergo a concentration-facilitated exchange when encountering excess free RPA. van Oijen's group investigated the leading/lagging-strand polymerase exchange events in the bacteriophage T7 and E. coli replication systems using a combination of single-molecule fluorescence microscopy and DNA-flow-stretching assay. The processivity was observed to have larger decrease when the concentration of the Y526F polymerase mutant increases, indicating that the unbinding of the polymerase is also concentration-dependent. Using stroboscopic imaging and single-molecule tracking, Chen's group further advanced their study into living bacterial cells. They found CueR, as well as its homologue ZntR, shows concentration-enhanced unbinding from its DNA-binding site in vivo. Mechanistic consensus has emerged from these in vitro and in vivo single-molecule studies that encompass a range of proteins with distinct biological functions. It involves multivalent contacts between protein and DNA. The multivalency enables the formation of ternary complexes as intermediates, which subsequently give rise to concentration-enhanced protein unbinding. As multivalent contacts are ubiquitous among DNA-interacting proteins, this multivalency-enabled facilitated unbinding mechanism thus provides a potentially general mechanistic paradigm in regulating protein−DNA interactions.
INTRODUCTION
Dynamic protein−DNA interactions give rise to robust cellular machineries that integrate processes such as DNA replication, transcription, repair, packaging, and gene regulation. Regulatory mechanisms of these processes have attracted research interests and initiated a broad range of studies. 1, 2 A majority of these studies have focused on how proteins search for and bind to DNA for function, and many mechanistic insights have been obtained into how cells could alter protein binding to DNA in response to stimuli. Much less is known, however, on how cells manipulate DNAbound proteins after stimuli are removed or when new stimuli arise.
Out of many cellular cues, the concentration of a DNA-binding protein itself is perhaps the most obvious one that directly impacts its binding to DNA: with increasing protein concentration, the binding rate of a protein to any DNA site increases linearly in general. 3 On the other hand, unbinding of a protein from DNA is typically a unimolecular process; its kinetics is thus independent of protein concentration (and of DNA concentration as well). A few abnormal behaviors were reported, however, in bulk solution experiments, 4−9 where some DNA-binding proteins showed faster unbinding rates from DNA when the concentration of DNA (not protein) was increased, giving rise to a proposed facilitated dissociation pathway.
Recent single-molecule studies in vitro have further uncovered protein concentration dependent unbinding from DNA, besides the dependence on the DNA concentration. These include sequence-nonspecific nucleoid-associated proteins, 10, 11 DNA replication enzymes, 12−16 sequence-specific metal-responsive transcription regulators, 17 and nonspecific single-stranded DNA (ssDNA) binding proteins. 18, 19 The latest single molecule tracking studies showed that the protein concentration dependent unbinding also operates in living cells for transcription regulators, 20 demonstrating the physiological relevance of this unusual protein unbinding behavior. Mechanistic consensus is emerging from these studies, and it generally involves intermediate ternary complexes enabled by the multivalent contacts of the protein with DNA. This mechanism is further corroborated by theoretical work, 21−24 as well as by an earlier experimental observation of a ternary protein 2 −DNA complex involving a metal-responsive transcription regulator. 25 The fact that these proteins belong to unrelated families having distinct functions but all possess this protein concentration dependent unbinding suggests a broad relevance of this unusual unbinding behavior across the spectrum of nucleic acid interacting proteins. Here we review key single-molecule experiments and experimental observations across these different protein systems, highlight the consensus concept, and point out other cellular cues that can also alter protein unbinding from DNA.
CONCENTRATION-DEPENDENT PROTEIN
UNBINDING FROM DNA IN VITRO In this section, we review and discuss the mechanisms of four different classes of DNA-interacting proteins that exhibit protein concentration dependent unbinding kinetics, including nucleoidassociated proteins, transcription regulators, ssDNA-binding proteins, and DNA polymerases. Nucleoid-associated proteins (NAPs) bind to DNA in a sequencenonspecific manner 26 to compact and protect DNA from radiation or chemical damage and to affect transcription activities. Four major NAPs are responsible for modifying the compactness of DNA: the factor for inversion stimulation protein (Fis), the histone-like nucleoid-structuring protein (H-NS), the histonelike protein from Escherichia coli strain U93 (HU), and the integration host factor (IHF) (Figure 1a ).
Marko's group investigated the unbinding kinetics of DNAbound NAPs as a function of the concentration of surrounding NAPs using a single-molecule magnetic-tweezers fluorescence microscope (Figure 1b) . 10 HU, Fis, and NHP6A (non-histone protein 6A, a NAP analog in yeast) were chosen as model systems. With one end fixed onto a glass capillary tube and the other end attached to a magnetic bead, DNAs were first stretched in the imaging plane using magnetic tweezers (Figure 1b) . Green fluorescence protein (GFP) tagged Fis proteins were incubated with the tethered DNA; the wild-type Fis (WT-Fis), WT-HU, or WT-NHP6A were then introduced. GFP fluorescence signal served as the readout of the DNA-bound GFP-Fis, which decreases over time due to protein unbinding from DNA ( Figure 1c) . Surprisingly, they observed that the fluorescence intensity decreases faster when there is nontagged protein in the surrounding. They concluded that DNA−NAP complexes are more stable in the absence of free proteins in the flow cell, but bound NAPs could undergo exchange with free protein in solution regardless of its identity (i.e., the bound Fis could be exchanged by Fis, HU, or NHP6A). Consistently, the exchange rate gets faster with higher protein concentrations in the solution (Figure 1c) , supporting that the free NAPs can facilitate the unbinding of bound ones from the DNA. Facilitated Fis and NHP6A unbinding were similarly observed when DNA segments or isolated bacterial chromosome were included in the solution. 27, 28 Marko and co-workers proposed a multiple binding site mechanism 29 and a "direct transfer" model 27 to explain the protein and DNA segment facilitated dissociation, respectively (Figure 1d ). Both models invoke a partial-releasing state (i.e., part of the protein detaches from DNA, vacating a partial-binding site). In the protein-facilitated pathway, the vacated partial binding site on DNA is subsequently bound by a competitor protein, eventually leading to the complete unbinding of the original protein (Figure 1d , top). In the DNA segment facilitated pathway, the partially detached protein uses the vacated binding domain to interact with another DNA, subsequently leading to the detachment from the original DNA (Figure 1d, bottom) . Both of these pathways give rise to an apparent unbinding of the original protein, and both of their kinetics are faster with increasing concentrations of the surrounding protein or DNA.
Very recently, Marko's group further studied NAP unbinding from a single DNA binding site. 30 A single binding site was achieved using a short DNA that is capable of interacting with only one helix−turn−helix domain of the dimeric Fis and monomeric NHP6A proteins. Observations of facilitated dissociation for both Fis and NHP6A proteins indicate that facilitated dissociation can occur without the need for two DNA-binding domains for a protein−DNA complex as long as the transcription factor−DNA complex can partially unbind and expose part of the binding site on DNA to invasion by competitors, essentially with each binding domain acting as a "multivalent DNA binder".
Sequence-Specific DNA-Binding Proteins: Metal-Responsive Transcription Regulators
In E. coli, the copper-efflux regulator (CueR), a MerR-family metal-responsive regulator, responds to Cu + and Ag + ions to activate genes that help cells defend against these toxic metals. Transcription regulation by CueR operates through a DNA-distortion mechanism, in which the apo-repressor and holo-activator forms bind to DNA causing different DNA structure changes to invoke repression or activation (Figure 2a) . 31 Little was known, however, about how the transcription regulation switches facilely between the activated state (bound holo-protein) and the repressed state (bound apo-protein), as both apo and holo forms bind to the same operator site tightly and metal dissociation from the holo-protein is likely slow. 17 We have used single-molecule fluorescence resonance energy transfer (smFRET) 17 to study CueR unbinding from its cognate oligomeric DNA, which was surface-immobilized and labeled with a FRET-donor Cy3 (Figure 2b ). The free, FRET-acceptor Cy5-labeled CueR interacts with DNA, and the associated FRET efficiency (E FRET ) directly reports the protein−DNA interactions (Figure 2c) . The E FRET versus time trajectory shows transitions among three different E FRET states: the E 0 state corresponds to the free DNA, and E 1 and E 2 correspond to two different binding orientations of CueR on DNA differentiated by the single Cy5 label (Figure 2c , top). The average microscopic dwell times of E 1 and E 2 states (i.e., ⟨τ 1 ⟩ and ⟨τ 2 ⟩) in the E FRET trajectory define the unbinding rate of CueR from the DNA. Strikingly, the average microscopic dwell times of E 1 and E 2 states become shorter with increasing CueR concentrations in the surrounding, reflecting that free CueR proteins can facilitate the unbinding of the incumbent one on DNA (Figure 2d ).
We proposed that the observed facilitated unbinding at the specific binding site on DNA is through a protein 2 −DNA ternary complex as an intermediate (Figure 2e ). In this mechanism, one of the two DNA-binding domains of the homodimeric CueR detaches from half of the binding site momentarily, allowing another CueR molecule in the solution to bind and form the protein 2 −DNA ternary complex. This ternary complex can then fall apart, leading to an assisted-dissociation pathway (Figure 2e, bottom) , or undergo a swap of the two proteins on DNA, leading to a direct-substitution pathway (Figure 2e, top) . Both of these pathways would result in an apparent facilitated unbinding of the incumbent protein when the protein concentration in the surrounding increases. Using a mixture of differently labeled CueR molecules, the direct-substitution pathway was directly observed in the E FRET trajectories (Figure 2c , bottom). The ternary protein 2 −DNA complex, enabled by the bivalent contact between CueR and DNA, was also observed kinetically in a separate study of CueR using engineered DNA Holliday junctions, 25 as we described. Sequence-nonspecific ssDNA-binding (SSB) proteins are important for DNA replication, recombination, and repair functions. Replication protein A (RPA) is a heterotrimeric enzyme with four sequence-nonspecific SSB motifs. 33 RPAs protect ssDNA from enzymatic degradation, remove ssDNA's secondary structure, which can inhibit DNA repair, and recruit specific proteins to ssDNA for DNA metabolism (Figure 3a) . During the initiation of homologous recombination, for example, RPA is displaced from ssDNA by Rad51. 34 The tight binding between RPA and ssDNA (K d ∼ 10 −9 −10 −11 M) 35 implies that cells must have a mechanism to unbind RPA from ssDNA facilely for DNA metabolism involving ssDNA intermediates.
Greene's group studied the unbinding of yeast and human RPAs from ssDNA at the single-molecule level using total internal reflection fluorescence (TIRF) microscopy and DNA-curtain 18, 19, 36 techniques (Figure 3b ). In this DNA curtain, a large number of ssDNAs were stretched out by solution flow simultaneously and anchored on both ends. 37, 38 RPAs tagged with enhanced GFP (eGFP−RPA) were flowed in to bind to the ssDNA curtains, allowing many individual eGFP−RPA−ssDNA complexes to be visualized by TIRF microscopy. The intensity versus time traces showed that RPA−ssDNA complexes are stable (half-life > 2 h) in an RPA-free flowing solution. However, in the presence of WT-RPA, the fluorescence intensity, which is proportional to the number of eGFP−RPA bound to ssDNA, decreased more noticeably, and the decay rate increased with higher WT-RPA concentrations (Figure 3c ). This indicates that RPAs can undergo facilitated exchange or concentration-dependent unbinding from the complex when encountering excess RPA. The same result was also observed with another SSB protein, Rad51.
Greene et al. introduced a microscopic dissociation 18 mechanism to explain their experimental results, in which the protein is partially dissociated from its binding site but not equilibrated with the surrounding solution yet (Figure 3d ). For RPA, four domains donate contacts with ssDNA; each of these domains can undergo a rapid unbinding and rebinding process. The low chance of simultaneous dissociation of all four domains results in a stable complex in the absence of free SSB proteins in the surroundings (Figure 3d, left) . On the other hand, in the presence of free SSB proteins, they would bind to the individual released ssDNA and consequently cause exchange (Figure 3d, right) . Notably, the facilitated exchange of RPA can be stimulated by both RPA and SSB from bacteria, 18 highlighting that these events are species independent and further supporting that the mechanism is driven by the partial protein dissociation instead of a specific protein− protein contact.
Multicomponent Protein Machinery: DNA Polymerases
DNA replication is a multistep process starting from DNA unwinding to RNA primer synthesis, DNA elongation, error checking, and eventually to termination. This intricate procedure is governed by a multiprotein replisome machinery including DNA helicases, primases, DNA polymerases, ssDNA-binding proteins, and other components like clamp, clamp loader, or processivity factors (Figure 4a) . The replisome was thought to be a stable complex so as to facilitate its function in synthesizing DNA rapidly and continuously. However, rapid exchange of components was recently observed, pointing out the dynamic features and flexibility of the replisome. 12−16,39−43 van Oijen's group investigated the T7 polymerase-exchange events in the replisome using a combination of single-molecule fluorescence microscopy and DNA-flow-stretching assays (Figure 4b) . 12, 15 For the leading-strand polymerase study, 13 a long DNA, onto which a quantum dot (QD) was attached, was attached was tethered to a surface and stretched out by the flow of buffer. Tracking the motion of the QD directly probed the shortening of the DNA construct due to the conversion of the lagging strand into ssDNA and thus provided the processivity information (i.e., amount of DNA synthesis) (Figure 4c, left) . The polymerase exchange was examined by introducing unlabeled slow DNA synthesis polymerase mutant (Y526F) to the preassembled complex where the labeled T7-DNA polymerase and gp4 helicase/primase were bound to DNA. The processivity was observed to decrease in the presence of the Y526F mutant (Figure 4c, left) , and more importantly, the extent of this decrease got larger when the mutant concentration increased (Figure 4c, right) , directly indicating that the unbinding of the polymerase is concentration dependent. For the lagging-strand polymerase study, 15 a circular double-stranded DNA molecule was fixed on a coverslip and stretched by a hydrodynamic flow in a microfluidic chamber (Figure 4d, upper) . During the rolling-cycle DNA replication, fluorophore-tagged polymerases were detected along with the lagging-strand DNA synthesis by TIRF microscopy. Polymerase exchange was evidenced by the fluorescence signal fluctuations when two color-coded polymerases were present simultaneously in the experiments (Figure 4d, lower) . More important, the fluorescence intensity of each spot showed that more than two polymerases could reside in the replisome; the non-DNA-synthesizing polymerases bound with helicases and played as competitors in the dissociation process. van Oijen's group proposed a multisite competitive exchange mechanism 15, 42 to explain the above phenomenon, such as a model with two binding sites (1 and 2) that simplifies potential scenarios (Figure 4e) . The polymerase molecule dissociates from the complex only when it unbinds from both sites. A molecule remains stable when the speed of rebinding to one site is faster than that of unbinding from the other site. Therefore, the dissociation rate depends on the unbinding and rebinding rate of the polymerase from and to the two binding sites in diluted solution or solution without competitive molecule. In the presence of competitors, three steps are required to take place for them to substitute the original molecule: (1) the original molecule unbinds from one site, (2) the competitor binds to the now vacant site before the rebinding occurs, and (3) the new molecule stays for a sufficient amount of time for the original molecule to completely unbind. Simulations using this two binding site model illustrate that the strength of the competitor, determined by its microscopic binding rate constant and concentration, dominates the exchange speed.
Very recently, they and Reyes-Lamothe's group both examined the exchange events of DNA polymerase III complex from E. coli during replication in live cells. 16, 44 van Oijen's group investigated the exchange of Pol III* in live cells by single-molecule fluorescence recovery after photobleaching and tracking (Figure 4f) . They quantified the exchange rate in vitro by monitoring the recovery of the fluorescence intensity and observed that the exchange time is shorter when the surrounding Pol III* is at a higher concentration (Figure 4f ). Moreover, they showed the exchange of Pol III* in live cells by tracking DNA bound fluorescently tagged Pol III*s (i.e., fused yellow-and red-fluorescent proteins at τ and ε subunit, respectively). Combined with simulations, the cross-correlation analysis of signals from τ and ε units denotes the Pol III exchange in vivo. However, changing the concentration of Pol III* is a very challenging task due to the requirement of simultaneously changing the concentration of all individual subunits in a controllable manner without perturbing other metabolic processes. Data of direct protein concentration facilitated exchange in cells remains lacking.
CONCENTRATION-DEPENDENT PROTEIN UNBINDING FROM DNA IN VIVO
The above in vitro experiments established that protein unbinding from DNA can be facilitated by itself, as manifested by the dependence on protein concentration. It remained unknown, however, whether this facilitated unbinding would be relevant in a living cell environment. Combining single-molecule superresolution tracking and genetic engineering, our group 20 further investigated the unbinding of CueR, as well as it Zn 2+ -sensing homologue ZntR, from chromosomal recognition sites in living E. coli cells to probe how bacteria could use this unbinding mechanism for regulating transcription.
To study CueR (and ZntR) interactions with DNA in living E. coli cells, we tagged regulators with the photoconvertible fluorescent protein mEos3.2 at their chromosomal loci, as well as encoded the tagged genes in a plasmid, from which the regulator expressions could be induced. To mimic the holo-activator form, we grew cells in the presence of a high concentration of metal that was known to cause maximal induction of their respective regulons. The apo-repressor forms of CueR and ZntR were made by mutating one of their metal-binding cysteines. Using time-lapse stroboscopic imaging, 2, 45 we tracked the motions of single photoconverted tagged regulator proteins at tens of nanometer precision until the tag photobleached (Figure 5a) . Analysis of singlemolecule displacement (r) distributions gave the minimal number of diffusion states and their corresponding diffusion constants (Figure 5b) . The state where the regulator is bound specifically to recognition sites could be resolved and has a very small diffusion constant similar to that of chromosomal loci. 46 From the resolved distribution of r, one could determine an upper displacement threshold r 0 (Figure 5b) . Thresholding the single-molecule displacement versus time trajectories with r 0 extracts the microscopic residence times of a single regulator at any specific binding site (Figure 5c ). Analysis of the distribution of microscopic residence times using a kinetic model gave the apparent unbinding rate constant (k −1 app ) of the regulator from its chromosomal specific binding sites. Strikingly, but as predicted from the in vitro work in section 2.2, for both apo-and holo-forms of CueR and ZntR, their k −1 app get larger with increasing regulator concentrations in the cell (Figure 5d ), demonstrating concentration-enhanced unbinding in vivo, which likely results from assisted-dissociation and direction-substitution pathways that we delineated in vitro for CueR (Figure 2d) .
The facilitated unbinding of apo-and holo-CueR (and ZntR) from specific binding sites could provide a new mechanism for the cell to switch facilely between transcription activation and repression of the respective regulons. For example, after intracellular metal stresses have been relieved through transcription activation of metal resistance genes, a bacterial cell can promptly turn off the transcription of the metal resistance genes using the intracellular free apo-repressor forms of the regulator. This can be achieved via the assisted-dissociation pathway followed by the binding of an apo-repressor or via the direct-substitution pathway (Figure 5e , left). On the other hand, bacteria can also facilely turn on the transcription when challenged with excess metals, which are likely scavenged initially by intracellular free apo-regulator proteins, which are present in many copies, rather than by the promoterbound one. Instead of waiting for the metal to find the promoterbound apo-repressor through a competition process (i.e., against many other apo-repressors in the cell), a free holo-regulator can facilitate the unbinding of the incumbent apo-repressor and may directly substitute it to activate the transcription of metal resistance genes (Figure 5e , right).
CONCLUDING REMARKS
Unbinding of protein from DNA is a fundamental process in protein−DNA interactions. Here we have reviewed the few identified proteins whose unbinding can be facilitated by their concentrations. Mechanistically, concentration-dependent protein unbinding from DNA likely only needs multivalent protein− DNA contacts. This multivalency can occur via multiple DNAbinding sites or a single-binding site that could be partially vacated, making possible multiple-protein binding to the same DNA ( Figure 6 ). Formation of a ternary complex involves an original bound protein partially unbinding and exposing a (partial) binding site for a competitor to bind, leading to dependence on the concentration of the competitor, which could be the protein itself. The broad functional range of these proteins studied so far highlight the generality and importance of the protein unbinding on cellular functions. In fact, facilitated unbinding (from other proteins instead of DNA) was also observed in the bacterial flagellar switch protein, FliM, in which the turnover of FliM molecules was abolished in the CheY knockout strain. 47 These discoveries also corroborate the thought that protein unbinding from DNA is perhaps as much regulated as binding in the cell.
Other cellular cues, aside from protein concentration, could play important roles as well in affecting unbinding kinetics, for example, those perturbing the stability of protein−DNA complexes. Recent studies showed salt concentrations, 11, 27 mechanical force, 48 and chromosomal organization 20 could also alter protein-unbinding kinetics, even in living cells. 20 Moreover, posttranslational modifications such as acetylation and phosphorylation were found to alter proteins' DNA-binding affinity, 49 which may serve as another pathway to alter protein unbinding. It is clear that both protein-binding and unbinding pathways are crucial for normal cellular functions, and single-molecule-level mechanistic studies could provide molecular insights into these cellular processes.
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